Introduction: Heterogeneity of outcomes in Alzheimer's disease (AD) clinical trials necessitates large sample sizes and contributes to study failures. This analysis determined whether mild-tomoderate AD populations could be enriched for cognitive decline based on apolipoprotein (APOE) ε4 genotype, family history of AD, and amyloid abnormalities. Methods: Modeling estimated the number of randomized patients needed to detect a 2-point treatment difference on the AD Assessment Scale-Cognitive subscale using placebo data from three randomized, double-blind trials (ClinicalTrials.gov Identifiers: NCT01955161, NCT02006641, and NCT02006654).
Background
Developing new and more effective treatments for Alzheimer's disease (AD) is an urgent priority; however, there have been no new licensed pharmacologic therapies for 15 years [1] . The drive to develop disease-modifying treatments for people with preclinical AD is vital but has so far been unsuccessful and has led to a reduced focus on the treatment needs of people with symptomatic AD. The failure rate of AD drug development is close to 100%, attributed to lack of efficacy and excessive side effects with investigational agents, as well as challenges in trial execution, including a lack of decline in the placebo group [1] . Late-onset AD is a heterogeneous disease, possibly even multiple diseases with varying clinical profiles, and this heterogeneity will also impact on trial outcomes [2] [3] [4] . The high failure rate and cost of randomized controlled trials, driven by clinical heterogeneity and the related need for large sample sizes, have led to inefficiencies in randomized controlled trials over the last decade. As a consequence, there are currently just 112 agents in the AD treatment pipeline, 10-fold less than the number of agents in development for the treatment of cancer [5, 6] .
Sample enrichment is recognized increasingly as a key component of AD clinical trial design for diseasemodifying and symptomatic agents, to identify cohorts with biologically confirmed AD and more rapid decline and thereby to reduce required sample sizes and improve the chances of detecting a treatment effect. To date, most research has used neuroimaging approaches, notably positron emission tomography (PET) imaging (particularly with amyloid ligands), with the major goal of reliably identifying patients with prodromal AD/mild cognitive impairment who are likely to experience cognitive decline [7] [8] [9] . Cerebrospinal fluid (CSF) amyloid has also been used to enrich mild cognitive impairment populations [9] .
Heterogeneity is also a major confounder in randomized controlled trials focusing on people with mild-to-moderate AD, but fewer studies have explored enrichment techniques in this population [8, 10] . The ongoing AD Neuroimaging Initiative 3, which aims to validate biomarkers for use in AD clinical trials, is providing useful data to improve enrichment designs in studies of mild AD dementia [11] . In contrast, among people with moderate AD dementia, enrichment techniques have been used only to identify special populations (e.g., enrichment for behavioral issues based on Neuropsychiatric Inventory [NPI] score [12] ) and not specifically to identify populations with accelerated cognitive decline.
Amyloid-PET neuroimaging is not always feasible at clinical trial sites and may not be feasible in all people with moderate AD. Furthermore, enrichment work to date has not focused on moderate AD or symptomatic treatments. There is a need to broaden enrichment strategies to enable realistic, cost-effective recruitment across sites, even in locations where PET imaging is not routinely available, and to develop reliable approaches that are applicable to people with moderate AD.
Using data from placebo-treated patients in the multinational phase 3 clinical program of idalopirdine, this analysis explored whether enrichment, based on apolipoprotein E (APOE) ε4 genotype, family history of AD, and abnormal amyloid status (PET or CSF) can be used to identify a group of patients with mild-to-moderate AD who show more rapid and more consistent decline over 6 months. APOE ε4 carriage is a risk factor for developing late-onset AD, and at an earlier age, with homozygotes showing increased risk compared with heterozygotes [13] . Having a first-degree relative with AD is a risk factor for developing dementia [14] , and amyloid PET and CSF profiles are biomarkers related to AD pathology [15, 16] .
Methods

Study design and patient population
Data were pooled from three similarly designed, randomized, double-blind, placebo-controlled studies in mild-tomoderate AD: STARSHINE (ClinicalTrials.gov identifier NCT01955161), STARBEAM (NCT02006641), and STAR-BRIGHT (NCT02006654). The studies were conducted in 34 countries worldwide from October 2013 to January 2017. For a full description of the designs and outcomes of these studies, see the study by Atri et al. (2018) [17] . All studies were conducted in accordance with the International Conference on Harmonisation Good Clinical Practice Guideline and the Declaration of Helsinki. Local ethics committees approved all aspects of study design. Eligible patients or their legal representatives provided written informed consent before starting the studies.
Briefly, the studies included outpatients aged 50 years with a National Institute of Neurological and Communicative Disorders and Stroke and the AD and Related Disorders Association (NINCDS-ADRDA) criteria diagnosis of probable AD [18] , a Mini-Mental State Examination (MMSE) score of 12-22 at screening [19] , and who had received a therapeutic and stable dose of a cholinesterase inhibitor (ChEI) for 4 months before screening (donepezil in STARSHINE and STARBEAM; any ChEI in STAR-BRIGHT). Patients were excluded if they were taking memantine, had an alternative cause of dementia, had serious non-AD central nervous system or somatic disorders, had clinically significant abnormalities (determined by laboratory testing), or were taking concomitant medications that would interfere with the safety and efficacy assessments.
This article presents results for only those patients randomized to placebo, taken in addition to their base ChEI treatment.
Outcomes
The primary outcome measure of each study was the AD Assessment Scale-Cognitive subscale (ADAS-Cog), scored from 0-70, where a higher score indicates more cognitive impairment [20] . Key secondary outcome measures were the AD Cooperative Study-Activities of Daily Living, 23-item version (ADCS-ADL 23 ), scored from 0-78, where a higher score indicates less functional impairment [21, 22] ; and the AD Cooperative Study-Clinical Global Impression of Change (ADCS-CGIC), a global rating scored at baseline from 1 (normal, not at all ill) to 7 (among the most extremely ill patients) and at follow-up from 1 (marked improvement) to 7 (marked worsening) [23, 24] . Other secondary outcomes included the NPI, scored from 0-144, where a higher score indicates more behavioral disturbance [25] , and the MMSE, scored from 0-30, where a higher score indicates less cognitive impairment [19] .
Statistical analysis
In this analysis, enrichment was performed using a selection of biomarkers/risk factors for AD, individually and in combination, to identify an enriched population of patients likely to experience more rapid cognitive decline.
The biomarkers/risk factors were prespecified by the coordinating investigators before conducting the analysis (but after review of the overall results of the three trials) and comprised (1) APOE ε4 carrier ("ε41") or homozygote ("ε411"); (2) first-degree relative with AD ("FH1"); and (3) amyloid positivity ("A1"). APOE genotyping was scheduled in all patients at baseline. Family history of AD was reported by the patient/caregiver. Amyloid status was defined on the basis of amyloid PET or CSF profiles. There was no requirement for amyloid positivity in the idalopirdine program; patient medical histories were used, and only 10.4% of patients (258/2475) had such data at study entry. Owing to the small number of patients with amyloid PET or CSF data, these two biomarkers were grouped together. Both are measures of amyloid pathology, identify the same patient population [26] , and have similar, high accuracy in identifying early AD [27] .
The following combined biomarker/risk factor enrichment groups were defined, with patients counted a maximum of once per group: (1) confirmed APOE ε4 carrier, firstdegree relative with AD, or amyloid positive ("ε41/FH1/ A1"); (2) confirmed APOE ε4 homozygous, first-degree relative with AD, or amyloid positive ("ε411/FH1/ A1"); and (3) confirmed APOE ε4 homozygous or amyloid positive ("ε411/A1").
Analyses were conducted in the full analysis set (FAS), defined as all randomized patients who took at least one dose of investigational medicinal product and had a valid baseline and post-baseline ADAS-Cog assessment (n 5 2475; placebo FAS, n 5 939). Baseline characteristics are presented using descriptive statistics. Changes from baseline in rating scale scores were analyzed using a restricted maximum likelihood-based mixed model for repeated measures approach. The model adjusted for MMSE stratum (12-18 or 19-22) , ChEI therapy stratum (donepezil or rivastigmine/galantamine), and baseline score at each visit, as well as country as a fixed factor across visits, and study, with a study-by-visit interaction term. Finally, the model included a three-way interaction between enrichment group membership, treatment, and visit. A sensitivity analysis was performed by also adjusting for age (adding an age-by-week interaction to the model). The model is described in more detail in Supplementary Material. Testing was carried out for the least-square means estimate of contrasts across group membership in the three-way interaction term; P values were computed using a t-test with KenwardRoger approximation to calculate denominator degrees of freedom. Testing for enrichment group contrasts of the three-way interaction term used "lsmeans" in "proc mixed" in SAS, version 9.4 (SAS Institute Inc). P values were tested at a significance level of 0.05 (two-sided) with no correction for multiple comparisons.
Study power modeling
Observed change in ADAS-Cog score in the pooled placebo group was used to estimate the power gains (amounting to sample size reduction) that could be achieved by enrichment. The model assumed that the average active treatment effect could not improve cognitive scores to above the baseline level after 24 weeks, and thus the observed treatment effect would be masked by a lack of decline in the placebo group. Consequently, the power to detect a statistically significant treatment effect depended on sufficient decline in the placebo group. The model assumed a maximum potential treatment effect of 2 points on the ADAS-Cog at week 24 and a standard deviation of 5.87 (as observed in a pooled mixed model for repeated measures analysis of the three idalopirdine trials). Power calculations assumed an active treatment arm versus placebo, evaluating treatment effects with a two-sample t-test at the 0.05 level. Power calculations were performed for the individual biomarker/risk factor groups and the combined enrichment groups. Power as a function of number of randomized patients was calculated assuming equal withdrawal rates in both treatment arms, matching the observed withdrawal in the corresponding placebo enrichment groups. In addition, assuming a randomized-to-screened ratio of 63.4% (average observed ratio in the three idalopirdine trials) and using the observed fraction of the total population that each enrichment group comprised, power as a function of number of screened patients was calculated.
Results
Individual biomarker/risk factor groups
In the placebo FAS (n 5 939), 540 patients (57.5%) were confirmed ε41, 107 (11.4%) were confirmed ε411, and 253 (26.9%) were known FH1. Eighty-three patients were confirmed A1 (8.8% of the placebo FAS, but 84.7% of the 98 patients who were tested). Fig. 1A shows the overlap between biomarker/risk factor groups.
Considering baseline demographic and clinical characteristics (Table 1A) , ε411 patients were younger than APOE ε4 heterozygous ("ε412") patients and noncarriers ("ε42"). FH1 patients were more likely to be male than those without a first-degree relative with AD ("FH2"). A1 patients, compared with patients who were not positive/not tested ("A2"), were younger, had a higher level of education, and had a higher level of functioning.
Adjusted mean changes from baseline in rating scale scores, split by biomarker/risk factor status, are shown in Fig. 2 . "ε412" patients had a greater decline (nominal P , .05) than ε42 patients on the MMSE alone (mean difference at week 24: 20.53; 95% confidence limits: 20.92, 20.14; P 5 .007), whereas ε411 patients had a greater decline than ε42 patients on the ADCS-ADL 23 (21.88; 23.60, 20.15; P 5 .033), ADCS-CGIC (0.24; 0.00, 0.47; P 5 .048), MMSE (20.96, 21.56, 20.35; P 5 .002), and NPI (3.70; 1.61, 5.79; P , .001). FH1 patients had a greater decline than FH2 patients on the ADAS-Cog (1.12; 0.25, 1.99; P 5 .012). Finally, A1 patients had a greater decline than A2 patients on the ADAS-Cog (1.51; 0.13, 2.90; P 5 .032) and ADCS-CGIC (0.33; 0.08, 0.57; P 5 .008).
A sensitivity analysis adjusting for age revealed that differences in mean age at baseline did not account for the APOE findings (data not shown).
Combined enrichment groups
Of the placebo FAS, 651 patients (69.3%) were in the ε41/FH1/A1 group, 376 (40.0%) were in the ε411/ FH1/A1 group, and 179 (19.1%) were in the ε411/A1 group (patients counted once per group; see Fig. 1B for overlap).
In general, baseline demographic and clinical characteristics were similar between each enrichment group and the rest of the study population (Table 1B) . The only clinically meaningful difference between groups was for age, with patients in the enrichment groups being 2-5 years younger than the rest of the study population.
Each enrichment group was associated with an increased rate of decline across the majority of outcomes (Fig. 3) . The ε41/FH1/A1 group had a greater decline (nominal P , .05) than the rest of the study population on the ADAS-Cog (mean difference at week 24: 1.04; 95% confidence limits: 0. analysis adjusting for age revealed that differences in mean age at baseline did not account for the findings (data not shown).
Power gains in enrichment groups
Data used for power modeling are given in Table A1 in Supplementary Material. Based on the number of randomized patients per treatment arm, all enrichment groups had Abbreviations: A1, Amyloid positive (n 5 98 tested); AD, Alzheimer's disease; ADAS-Cog, AD Assessment Scale-Cognitive subscale; ADCS-ADL 23 , AD Cooperative Study-Activities of Daily Living, 23-item version; ADCS-CGIC, AD Cooperative Study-Clinical Global Impression of Change; BMI, body mass index; APOE, apolipoprotein E; ε41, APOE ε4 carrier; ε411, APOE ε4 homozygous; ε412, APOE ε4 heterozygous; ε42, APOE ε4 noncarrier; FH1, firstdegree relative with AD; MMSE, Mini-Mental State Examination; NPI, Neuropsychiatric Inventory; SD, standard deviation. *25 patients were missing data for APOE ε4 allele count. y 6 patients were missing data for first-degree relative with AD. z 22 patients were missing data and could not be assigned.
x 23 patients were missing data and could not be assigned. an increased power to detect a treatment effect compared with the general phase 3 population (Fig. 4A) . The greatest power gains were in the A1 group, followed by the ε411/A1 group, then the ε411/FH1/A1 group. An 80% power to detect a treatment effect required 148 A1 patients per arm, 178 ε411/A1 patients per arm, 231 ε411/FH1/A1 patients per arm, and 251 ε411 patients per arm, compared with 1619 patients per arm in the general phase 3 population (Table A2 in Supplementary Material). Fig. 4 . Estimated study powers to detect a treatment effect based on (A) randomized and (B) screened patients. Abbreviations: A1, amyloid positive; AD, Alzheimer's disease; ADAS-Cog, AD Assessment Scale-Cognitive subscale; APOE, apolipoprotein E; ε41, APOE ε4 carrier; ε411, APOE ε4 homozygous; ε412, APOE ε4 heterozygous; FH1, first-degree relative with AD; Optimal, optimal power curve (full 2-point treatment effect on the ADAS-Cog. no withdrawal); Phase 3, total phase 3 population. Fig. 4B shows the achieved study powers based on the total number of screened patients, as opposed to randomized patients, thereby taking into account the fraction of the total population that each enrichment group represents. The combined enrichment groups, especially the ε411/ FH1/A1 group, were the most efficient in terms of power per patient screened.
Discussion
Recent studies show that around a quarter of patients entering clinical trials with a clinical diagnosis of mild AD do not have brain amyloidosis when studied with amyloid PET and therefore do not have the bioclinical syndrome of AD [8] . Non-AD patients included in AD trials will progress more slowly, reduce the power to detect a drug-placebo difference, and may lack the underlying pathophysiology that is the target of pharmacotherapy. The present analysis of a large clinical trial program explored several strategies to enrich trials by identifying participants more likely to have AD and who exhibit a more rapid rate of decline. The analysis showed that biomarkers/risk factors (individually and in combination) can be used to predict progression in mild-tomoderate AD and that such enrichment can increase the statistical power to detect a potential treatment effect of 2 points on the ADAS-Cog, thereby reducing the required sample size. Of the individual biomarkers/risk factors considered, ε411 was associated with the most consistent decline across all outcomes (cognitive, functional, global, and behavioral) in the placebo group. Although ε411 patients are known to have an earlier onset of AD [13] and were younger in the present analysis, sensitivity analyses showed that the APOE subgroup results were not driven by age. Modeling showed that, for ε411 and A1 patients, 80% power to detect a treatment effect of 2 points on the ADAS-Cog could be achieved with samples that were approximately one-sixth and one-eleventh the size of the total randomized phase 3 population (i.e., an unenriched population). However, this must be balanced with the fact that the ε411 group represented only 12.9% of randomized patients. Furthermore, although the majority of patients with amyloid PET or CSF data were A1 (84.7% in the placebo group), amyloid testing is expensive and not widely available at international clinical trial sites.
To overcome these recruitment, cost, and feasibility issues, larger enrichment groups were created that considered combinations of AD biomarkers/risk factors, thereby creating an enrichment approach that is applicable to all settings. The ε411/A1 group showed the most consistent decline across all outcomes, and the biggest power gain, of the combined groups. However, this was still a relatively small group of patients (19.1%) partly because of the small proportion of patients who were tested for amyloid in this program. The balance between study power and screening success rate was optimized by the addition of FH1 to the enrichment process. Although APOE ε4 carriage is the major genetic risk factor for late-onset AD [28] , recent research has shown that combined genetic architecture provides important predictive information beyond APOE [29] and that parental history of dementia contains additional predictive information beyond even polygenic risk [30] . In the present study, FH1 was used as a proxy for polygenic and environmental risk factors. Taking into account screening success rate and availability of amyloid testing, the ε411/FH1/A1 group provided the most efficient enrichment strategy. This strategy also offers cost benefits because APOE genotyping is a low-cost and minimally invasive strategy and historic amyloid results and family history of AD can be obtained for free.
Overall, these analyses suggest that enrichment could impact substantially on the results of clinical trials of potentially symptomatic or disease-modifying treatments in mild-to-moderate AD, by delineating treatment arms as well as reducing the number of patients needed to detect a treatment effect. Whereas previous trials in mild AD have shown only a modest rate of decline among patients receiving placebo [31] , making it difficult to demonstrate potential treatment benefits, use of enriched populations with increased rate of decline may provide a more efficient and effective basis to detect symptomatic treatment effects, under the assumption that a symptomatic treatment may not measurably improve stable patients or those with unknown underlying diagnosis.
It is worth noting that a large proportion of patients in the placebo FAS (30.7%) did not meet the criteria for any enrichment group. Patients not meeting enrichment group criteria were associated with a slower rate of decline.
Limitations of this analysis include that it was performed in studies not designed for this purpose. The enrichment groups were chosen based on limited biomarker/risk factor data, and the combined enrichment groups were not devised in a data-driven manner but were based on expert opinion informed by emerging data on AD diagnosis and prognosis. The analysis did not control for multiple comparisons. Only a minority of patients had data on amyloid status; the testing rationale of these patients is unknown, meaning that they might represent a special population. Future trials using APOE ε4 strategic enrichment should bear in mind that, due to the putative role of APOE in amyloid-b metabolism [32] , APOE ε4 carriers may respond differently to treatment than noncarriers.
A limitation of the model used to evaluate power gains was the assumption that lack of placebo decline would directly mask an observed treatment effect. Although such assumptions are natural for disease-modifying agents that work to slow or stop cognitive decline, it is not given that such assumptions are generally true for symptomatic cognitive enhancers. The estimated rate of decline on the ADAS-Cog for patients with mild-to-moderate AD is approximately 5.5 points per year [33] , and thus lack of decline (or an improvement) over the 6-month study period for this population suggests a considerable placebo response or study participation effect [34] . In the context of symptomatic cognitive enhancers, the power modeling assumptions were that the placebo/study participation effects seen for patients on placebo or active treatment would take the patients to their individual cognitive ceilings, thus leaving no window for the detection of the additional benefit of a symptomatic treatment.
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